Columnaris disease, caused by Flavobacterium columnare, severely impacts the production of freshwater finfish species. Therefore, efforts to better understand the biological processes of F. columnare, including the formation of biofilms and their contribution to disease, are ongoing. In this study, we incubated F. columnare cultures with channel catfish mucus and used high-throughput RNA sequencing to evaluate global changes in gene expression. Our data show that mucus activates in vitro biofilm formation. The analysis of F. columnare transcriptomes after the addition of mucus revealed significant differentially expressed genes (DEGs) between the planktonic and biofilm states. DEGs common among all biofilms were enriched for gene ontology groups including signal transduction, ligand binding and cellular homeostasis and are likely necessary for biofilm formation. Iron acquisition systems included TonB-dependent receptor and ferroxidase genes were expressed among all biofilms, while siderophore synthesis genes were only expressed in mucus-stimulated biofilms. The current analysis of F. columnare transcriptomes adds valuable information about the basic biological processes that occur during the planktonic and biofilm states. This work serves as a basis for future studies on understanding how biofilms are established and how they contribute to disease progression.
INTRODUCTION
Columnaris disease, caused by the Gram-negative bacterium Flavobacterium columnare, severely impacts the global production of many finfish species (Declercq et al. 2013a,b) . Classically, the disease has been shown to predominantly involve the external mucosal surfaces of fish, which can lead to the rapid and widespread destruction of the gills, skin and fins. Channel catfish (Ictalurus punctatus), an economically valuable farmed species, is highly susceptible to F. columnare making it an important model for understanding host-pathogen interactions (Mohammed and Arias 2014) . Flavobacterium columnare is generally found in a planktonic (free living) state, surviving where it can for long periods of time in the absence of suitable nourishment (Arias et al. 2012) . Flavobacterium sp. also possesses an ability to form biofilms both on inanimate and biological surfaces (Hogfors-Ronnholm and Wiklund 2010; Cai, De La Fuente and Arias 2013) . The advantages of adopting the biofilm life stage are not fully understood but we and others have demonstrated that biofilms increase the overall virulence of Flavobacterium sp. (Lange et al. 2017; Levipan, Quezada and Avendano-Herrera 2018) . The contribution of biofilm formation in the progression of disease has been well established among Gram-negative bacteria (Lavender, Jagnow and Clegg 2004; Naves et al. 2008; Rijavec et al. 2008; Di Domenico et al. 2017) .
Several genomes representing different clinical isolates have been sequenced and evaluated in order to better understand the genetic basis of pathogenicity among F. columnare isolates (Tekedar et al. 2012; Kumru et al. 2016; Li et al. 2017; Zhang et al. 2017) . Overall, F. columnare genomes have been shown to similarly cluster when phylogenetic evaluations were conducted; however, there is some genetic variability that likely affect virulence (Kumru et al. 2017; LaFrentz et al. 2018) . Recent work has also focused on the evaluation of the F. columnare ATCC 49512 transcriptome to validate predicted proteincoding sequences identified within the genomic sequence .
In this study, we evaluated the transcriptomes of planktonic and biofilm cells when stimulated with catfish mucus to understand what has occurred between these cell types at the functional gene level. We observed that channel catfish mucus significantly stimulates biofilm formation in vitro. Gene expression analysis revealed that stimulation of F. columnare with catfish mucus had a significant impact on the transcriptome. Global gene expression analysis added new insight into the potential physiological roles of signal transduction, ligand binding and iron uptake that follows biofilm formation. These results add valuable knowledge about the basic physiological processes that occur during F. columnare planktonic and biofilm states, and may benefit a better understanding of how biofilms facilitate disease progression.
MATERIALS AND METHODS

Skin mucus collection
Adult channel catfish (1-2 kg) reared at the Stuttgart National Aquaculture Research Center were anesthetized using MS-222 (Syndel USA, Ferndale, WA) and skin mucus was collected by gentle scraping of the dorso-lateral surface using a plastic scraper with enough care to avoid abrading the skin (LaFrentz and Klesius 2009; Guardiola et al. 2014) . The mucus from five catfish was pooled and 1× PBS was added up to 100 mL, vortexed and centrifuged at 800 × g for 10 min to separate the soluble and insoluble skin mucus fractions. The soluble skin mucus fraction was autoclaved, filter-sterilized (0.22 μM, Fisher Scientific, Hampton, NH) and stored in aliquots at -20
• C. The protein content was estimated using the Pierce Coomassie Plus Assay kit (ThermoFisher, Waltham, MA) 
Bacteriology
The Flavobacterium columnare isolate 94-081, classified as Genomovar II (Soto et al. 2008; LaFrentz et al. 2018) , was used for all experiments and was cultured in F. columnare growth medium (FCGM; Farmer 2004, Darwish, Farmer and Hawke 2008) . The 94-081 isolate was retrieved from frozen glycerol stocks and streaked onto the appropriate medium. After 24-48 h, bacterial colonies were dislodged from the agar using a sterile cotton swab and inoculated into FCGM. Bacterial broth cultures were incubated for 24 h at 28
• C prior to use in all growth assays.
Biofilm assays
For the time course assay, an overnight culture of F. columnare was diluted (1:100) with fresh FCGM broth into eight 100 μL replicate wells in five different 96-well plates with catfish mucus (20 μg/mL), and the replicate controls were incubated at 28
• C.
At 6, 12, 24, 48 and 72 h after inoculation, biofilm formation was evaluated among the different plates. To quantify biofilms, the F. columnare bacterial suspensions were removed, two washes were performed by immersing the plates in distilled water, the plates were stained with 0.1% crystal violet for 15 min and then washed again. The adherent bacteria stained with crystal violet were solubilized in 30% acetic acid and quantified by reading the absorbance at 550 nm using the Synergy H1 plate reader (O'Toole 2011). A two-way ANOVA was used to test for significant differences (P < 0.05) between replicate wells with catfish mucus and the controls at each time point. For the collection of material for RNA sequencing, F. columnare broth cultures were inoculated by diluting an overnight culture (1:100) as needed with fresh FCGM broth up to 100 mL with catfish mucus (20 μg/mL), and the controls in Erlenmeyer flasks and incubated at 28
• C for 48 h. Triplicate cultures were grown for use as biological replicates and included: planktonic cell growth (n = 3), biofilm growth (n = 3), planktonic cell growth with catfish mucus (n = 3), biofilm growth with catfish mucus (n = 3). For RNA isolation, the planktonic cultures were first aspirated from the flasks prior to harvesting the biofilms. A 10 mL aliquot of the planktonic cells was taken and the biofilms were scraped from all sides of the Erlenmeyer flasks into fresh FCGM broth. The planktonic and biofilm cells were then centrifuged at 6320 × g for 20 min. The supernatant was removed and samples were resuspended in RNAprotect Bacteria Reagent (Qiagen, Germantown, MD) and stored at -80 • C until needed.
RNA sequencing
Total RNA was extracted from each sample using the RNeasy Mini Kit (Qiagen, Hilden, Germany) following the manufacturer's recommended protocol for 'Enzymatic Lysis and Proteinase K Digestion of Bacteria' in the RNAprotect Bacteria Reagent Handbook (Qiagen; January 2015). Total RNA was visualized for quality by 1% denaturing agarose gel electrophoreses (Ambion NorthernMax reagents; ThermoFisher Scientific, Waltham, MA). Potential DNA contamination was then removed using amplification-grade DNase I (Sigma Aldrich, St. Louis, MO) according to the supplied technical bulletin. DNase-treated RNA samples were then precipitated using sodium acetate-ethanol, re-suspended in nuclease-free water and normalized to a concentration of 5 μg to use in the next steps of RNA sequencing library construction. Normalized total RNA samples were processed for ribosomal RNA (rRNA) reduction using the Ribo-Zero rRNA Removal Kit (Bacteria) from Illumina (San Diego, CA). Samples were again analyzed by 1% denaturing agarose gel electrophoreses (Ambion NorthernMax) to assess rRNA-depletion success. Samples were then shipped to a service provider (Novogene, Chula Vista, CA) for strand-specific library construction and Illumina sequencing. The service provider created libraries using the NEBNext Ultra Directional RNA Library Prep Kit (New England Biolabs, Ipswich, MA). Libraries were sequenced on the Illumina HiSeq platform to a minimum depth of 4 Gb per sample using paired-end 150 bp reads, corresponding to >1200× genome coverage/sample.
Bioinformatics
Raw reads were analyzed for quality control (QC) using the FastQC software (Babraham Bioinformatics, Cambridge, UK) and then processed by the Trim Galore! software (Babraham Bioinformatics) for adapter removal and quality base trimming from read ends, with Phred Q20 as a cut-off score. Reads were reanalyzed by FastQC for effectiveness of QC measures. Reads after QC were aligned to the F. columnare 94-081 genome using the STAR RNA-seq aligner (Dobin et al. 2013; Dobin and Gingeras 2015) . First, the genome sequence was annotated and formatted for GTF-file output using the RAST (Rapid Annotation using Subsystem Technology) web server (Aziz et al. 2008; Overbeek et al. 2014; Brettin et al. 2015) . The genome sequence and annotations were then loaded in STAR. QC reads were aligned to the genome by STAR using the command-line options to include two-pass mode alignment with gene counting, while taking into account strandedness of the reads. Gene counts information as well as Fragments Per Kilobase of transcript per Million mapped reads (FPKM) values were collected for further analyses.
For statistical analyses, comparisons between biological replicates from each experiment were performed using the DESeq2 package (Love, Huber and Anders 2014) of R-bioconductor. After pairwise comparisons, gene expression differences as indicated by magnitude of fold-change were considered significant at P-adj ≤ 0.05. Only P-values adjusted for multiple comparisons (P-adj) were considered. To increase stringency and confidence of the data analyses, finally data were omitted where at least one of the biological replicates had an FPKM <1 (Yendrek, Ainsworth and Thimmapuram 2012) .
Quantitative reverse-transcription PCR
Selected differentially expressed genes (DEG) were processed for quantitative PCR (qPCR) to validate our RNA-seq data analyses. These genes include those coding for catalase (CAT; Gene ID: 996.56.peg.757), ferroxidase (FER; Gene ID: 996.56.peg.1273) and a TonB-dependent receptor (TONB; Gene ID: 996.56.peg.1530). Primer sequences (5 -3 ) were designed using the PrimerQuest Tool at the Integrated DNA Technologies (Coralville, IA) website and purchased through this manufacturer. Primer sequences are provided here (CAT: F-ACAGAAGAAGGAAACTGGGATTTA, R-CCGTGATAGGAGATGGTTTGTT; FER: F-AGATGATGAAGGTACC AGTTCAAT, R-CATCGTTTCTTCTAACCAAGCAC; TONB: F-TGC AATGCAAGCCTATCTTATTC, R-TGCTGAACCCTTCCGTTATATT). The 16S rDNA gene (16S; F-GTCAGTGGTGAAATCTGGTCGCTCA R-GCCTTCGCAATCGGTATTCCATGTA) was used as a housekeeping gene for normalization of expression via relative quantification.
One-step qPCR was performed on each biological replicate (n = 12) in triplicate using the iTaq Universal SYBR Green One-
Step Kit (Bio-Rad, Hercules, CA) and the LightCycler Real-Time PCR System (Roche, Indianapolis, IN) in 10 μL reactions. Each reaction contained 5 μL iTaq universal SYBR Green reaction mix (2×), 0.125 μL iScript reverse transcriptase, 300 nM forward primer, 300 nM reverse primer and 10 ng total RNA. Cycling parameters were as suggested by the one-step kit provided protocol (Bio-Rad) and included melting curve analysis. The same samples of DNase-treated total RNA isolated and provided for sequencing were used for qPCR validation. No-template control reactions were included in each run. After each run, Cycle threshold (Ct) values for each sample were collected, normalized to the housekeeping gene and fold-changes calculated using the 2 − Ct method (Pfaffl 2001 
Functional analysis
To better formulate an understanding of gene expression at the systems level, enrichment testing was performed on DEG lists to populate gene ontologies (GO). GO categories include Biological Process (GO-BP), Cellular Component (GO-CC) and Molecular Function (GO-MF). The Blast2GO PRO software (Conesa et al. 2005; Gotz et al. 2008 ) was used to perform all functional analyses. First, all protein coding transcripts (CDS; coding sequences) identified from the RAST re-annotated F. columnare 94-081 genome were up-loaded into Blast2GO where they underwent BLASTx (E-value < 1e-3) and InterPro protein sequence analyses along with GO-terms assignment, where available. Then, each DEG list was evaluated for enrichment first using Fisher's exact test at a False Discovery Rate (FDR < 0.05). To do this, the functionally annotated F. columnare genome was used as a 'reference set' of genes, while the DEG list from each comparison was used as the 'test set' of genes in the Blast2GO software. When no significant enrichment was identified using Fisher's, Gene Set Enrichment Analysis (GSEA; Subramanian et al. 2005) was performed in the Blast2GO software, also at an FDR < 0.05. To do this, differential expression between each comparison of interest was re-analyzed in DESeq2, where a shrinkage estimator (coef = 2) was applied. All genes were then ranked by the ratio of significance of expression (P-value) to the direction of foldchange. From this list, the significant DEGs were tabulated along with the corresponding ranking metric for use in GSEA. Each list was evaluated for GO enrichment by 1000 permutations at an FDR < 0.05. Raw and processed data, as well as a complete description of the bioinformatics workflow, has been made available through the NCBI Gene Expression Omnibus (GEO) accessible under the accession number GSE109937.
RESULTS
Catfish mucus stimulates biofilm formation
To examine the effect of mucus stimulation on the specific formation of Flavobacterium columnare biofilms, an in vitro biofilm assay was conducted over several days after the addition of catfish mucus (20 μg/mL). The mucus-stimulated F. columnare cultures had significantly more biofilm growth and biomass (P < 0.05) than the non-mucus controls at the 24, 48 and 72 h intervals ( Fig. 1 ).
DEGs identified between F. columnare planktonic and biofilm cells
After processing of the raw RNA sequencing data and alignment with the F. columnare 94-081 genome, we conducted multiple comparisons between the different biological groups to determine their gene expression patterns. Four comparisons of interest were made including: (i) planktonic to biofilm states (PB), (ii) planktonic to biofilm states grown in the presence of mucus (PBM), (iii) biofilm (B) and biofilm grown in the presence of mucus (BM) and (iv) planktonic cells (P) and planktonic cells grown in the presence of mucus (PM). In each case, the first biological state listed is the base (reference) level. For each comparison, we identified between 2% and 8% of the total genes as differentially expressed using our chosen cutoff criteria (FPKM > 1; P-adj < 0.05; fold change > 2.0). We identified 75 DEGs between the PB, with 56 upregulated and 19 downregulated genes. In contrast, the PBM comparison had a total of 162 DEGs identified, with 123 and 39 genes upregulated and downregulated, respectively. The comparison between the B/BM had 90 DEGs with 68 upregulated and 22 downregulated genes and the P/PM had 44 DEGs with 26 and 18 genes upregulated and downregulated, respectively. Once we evaluated genes differentially expressed between the comparisons, we next sought to understand the relationship between DEGs among these groups. For this analysis, the DEGs for each comparison were depicted in a Venn diagram, which allowed us to discern the gene expression interactions between the different comparisons (Fig. 2) .
DEGs essential for biofilm formation
Forty DEGs were common among biofilms (PB and PBM) with nearly 95% of these genes having been upregulated, demonstrating their importance in biofilm formation independent of mucus stimulation (Table 1) . There was an abundance of iron acquisition-associated genes (ferrous iron transport protein B, iron (III) dicitrate transport protein FecA, ferroxidase, TonB-dependent receptors, iron-regulated protein A precursor and iron-regulated membrane protein) among the biofilms.
Conducting an over-representation analysis using Fisher's exact test, a multitude of different BP, MF and CC gene ontology groups were significant in their enrichment among the 40 DEGs in biofilms (Table 2 ). There was an enrichment for ironsulfur cluster assembly protein synthesis (GO: 0016226, ironsulfur cluster assembly protein SufB, iron-sulfur cluster assembly protein SufD and nitrogen-fixing NifU C-terminal) as well as signal transduction (GO: 0007165), including some of the iron acquisition-associated genes (iron (III) dicitrate transport protein FecA and TonB-dependent siderophore receptor).
Other enriched pathways, included ligand binding (GO: 0005488), also included iron acquisition-associated genes (ferroxidase, ferrous iron transport protein B and TonB-dependent siderophore receptor). Additional BP, MF and CC groups were enriched among the biofilms for acetolactate synthesis (GO: 0003984 and GO: 0005948) and for maintaining cellular homesostasis (GO: 0019725).
Biofilm-associated DEGs after catfish mucus stimulation
Interestingly, among the 73 DEGs identified only in biofilms stimulated with mucus (PBM), the majority of genes were upregulated (varying from 2.0 to 6.0 fold change). We observed a downregulation of a TonB-dependent receptor gene in the planktonic cells (-2.5 fold change) as well as an upregulation of a TonB-dependent receptor gene (>3.0 fold change) in the biofilms (Table 3) . There was also an upregulation of siderophore synthesis genes (>3.0 fold change, siderophore synthetase superfamily group C and siderophore synthetase small component acetyltransferase), an important part of the TonB iron acquisition system that was only observed among the mucus-stimulated biofilms. A Fisher's exact test to assess functional associations among the 73 DEGs showed a significant enrichment of 15 upregulated genes in the mucus-stimulated biofilms encoding predominantly large and small subunit ribosomal proteins and a 16S rRNA processing protein RimM. Representing over 30% of the upregulated genes, all three GO categories were identified as enriched, including ribosome biogenesis (GO: 0042254), structural constituent of ribosome and ribosome processes (GO: 0003735 and GO: 0005840) and protein translation processes (GO: 0006412; Table 2 ).
Catfish mucus alters iron acquisition-associated DEGs
We identified differences among the magnitude of fold change values between the biofilms grown in the presence of mucus and those that were not (Table 1) . Interestingly, those genes involved were linked to the signal transduction GO group and included predominantly iron acquisition-associated genes (iron (III) dicitrate transport protein FecA, TonB-dependent receptors, ironregulated protein A precursor, iron-regulated membrane protein and ferroxidase). The TonB-dependent receptor genes had fold change values that were nearly twice as much in the biofilms stimulated with mucus as unstimulated biofilms. Alternatively, the expression of the ferroxidase gene, which represents an alternative iron acquisition system than the TonB-dependent receptors, had a fold change value nearly twice as much in unstimulated biofilms.
Biofilm-associated DEGs linked to biosynthetic processes
There were 13 DEGs solely expressed in PB (Table S1 , Supporting Information) that included four downregulated genes (ranging from -2.04 to -2.49 fold change) and nine upregulated genes (ranging from 2.18 to 8.66 fold change). There was enrichment for biofilm-associated genes involved in biological processing (RNA polymerase sigma-70 factor, anthranilate synthase aminase component I genes and single-stranded DNA-binding protein) and were associated specifically with biosynthetic processes (GO ID: 0009058; Table 2 ). In the (B/BM) comparison (Table S2 , Supporting Information), we observed an enrichment for the downregulation of biological processes in the biofilms without mucus (alpha-amino acid metabolism, GO: 09011605; organic cyclic compound biosynthesis, GO: 190111136; cellular amino acid biosynthesis, GO: 0008652; cellular nitrogen compound biosynthesis, GO: 0044271; heterocycle biosynthesis, GO: 0018130 and small molecule binding, GO: 0036094, Table 2 ).
Planktonic-associated DEGs
Among the (P/PM) comparison, four of the DEGs expressed are associated with iron uptake. Three of the genes were columnare whole transcriptome; where Fisher's Exact Test was not significant, GSEA (FDR < 0.05; permutation test) was used to determine the degree to which GO in each group is over-represented at the TOP or BOTTOM of the ranked list of DEGs.
downregulated (2.0-3.0 fold) in planktonic cells including a TonB-dependent receptor, iron-regulated membrane protein and iron-regulated protein A genes. Alternatively, a TonB-dependent receptor plug domain precursor gene was upregulated (2.3-fold change) among planktonic cells stimulated with mucus. Functional analysis of the (P/PM) DEGs revealed no enrichment for GO groups.
Independent validation of RNA sequencing
Reverse transcription qPCR was conducted on all RNA samples submitted for library preparation and sequencing. We chose three genes that were primarily upregulated among the biofilm samples (ferroxidase, catalase and TonB-dependent hemin receptor) for validation of our RNA sequencing analysis. All of the qPCR data were statistically significant and correlated to the RNA sequencing data (Table 1) .
DISCUSSION
The ability of bacteria to form biofilms is often directly correlated with the capacity to sense change and utilize different resources in the host milieu (Davey and O'Toole 2000; Jefferson 2004; Shoemaker et al. 2018) . Earlier work had determined that different Flavobacterium columnare isolates could be cultured in formulated water supplemented only with tilapia or porcine mucus over several days (Shoemaker and Lafrentz 2015) . In this study, we show that the addition of catfish mucus to F. columnare isolate 94-081 planktonic cultures stimulates significant biofilm formation. RNA sequencing of the F. columnare planktonic and biofilm cells stimulated with catfish mucus (PB and PBM) during the exponential growth phase identified DEGs between the different cell types. Global gene expression differences between the planktonic and biofilm states were revealed, and important inherent differences among biofilms when stimulated with catfish mucus were observed. Several of the biofilm gene ontology groups (PB and PBM) were enriched for processes responsible for signal transduction, ligand-binding and cellular homeostasis. Because these DEGs were conserved among biofilm cells (when compared to planktonic cells), they likely represent processes that are essential to biofilm formation. Interestingly, there were commonalities identified among biofilms for the signal transduction and ligandbinding pathways. For instance, diguanylate cyclases are general enzymes that are essential for the synthesis of an array of cyclic diguanylate signaling molecules (c-di-GMP) that facilitate and regulate different cellular processes (Dahlstrom and O'Toole 2017) . There can be any number of different signaling molecules that control intracellular and extracellular signals through the ligand binding of different proteins in which they alter their conformation, stimulate or minimize protein activity (Martinez and Vadyvaloo 2014) . Because c-di-GMP signaling has been shown to be necessary for biofilm formation, bacterial mutants absent for c-di-GMP synthesis pathways are impaired in their ability to establish biofilms (Antoniani et al. 2010; Valentini and Filloux 2016) . Therefore, environmental cues that signal the initiation of biofilm development are likely dependent on specific c-di-GMP signaling pathways that can further be amplified through cell signaling (catfish mucus) that alters the course of biofilm development.
Different iron acquisition systems have been identified among Gram-negative bacteria, including TonB-dependent (siderophore-based) and ferroxidase (enzyme-based) genes in Flavobacterium sp. (Alvarez et al. 2008; Cornelis, Matthijs, and Van Oeffelen 2009; Noinaj et al. 2010; Krewulak and Vogel 2011; Caza and Kronstad 2013; Guan et al. 2013) . We previously characterized the expression of iron acquisition genes and showed that their expression differed significantly among different F. columnare isolates. The TonB-dependent outer membrane receptor gene was expressed over 100 fold more and the ferroxidase gene was 10-fold higher in F. columnare isolate LSU-066-04 as compared to isolate LV-359-01. The upregulation of TonB genes correlated with in vivo challenges showing significantly more mortality under iron-limiting conditions indicating increased virulence in the LSU-066-04 isolate. From this previous data we concluded that iron acquisition systems were likely important in conferring varying degrees of virulence among different F. columnare isolates (Beck et al. 2015) .
One of the more important features discovered in this study was the identification of iron acquisition genes among biofilm transcriptomes. The TonB-dependent receptor and ironregulated protein A and membrane protein genes were expressed nearly twice as much among biofilms stimulated with catfish mucus. The ferroxidase gene was also expressed nearly twice as much among biofilms stimulated with catfish mucus. It appears that the iron acquisition systems can be differentially regulated according to the signaling initiated during stimulation with catfish mucus. Our previous assessment that iron acquisition systems were important for biofilm formation now seems much more reasonable (Lange et al. 2017) , and this study demonstrates the importance of environmental signaling in the activation of iron acquisition systems. Interestingly, the expression of siderophore synthesis genes was only found among mucus-stimulated biofilms (PBM). Siderophores, which are synthesized molecules that bind Fe 3+ with high affinity and are often capable of binding multiple Fe 3+ to form complexes and are taken up by different TonB receptors (Miethke and Marahiel 2007) . The production of siderophores is generally specific to the different bacteria and characterized based on their general mode of action (Guan, Kanoh and Kamino 2001) . Siderophores have been shown to be synthesized by F. columnare but their structure or function has not been described (Guan et al. 2013) . The expression of siderophore synthesis genes again suggests the importance of iron acquisition systems in the formation of biofilms (Holden et al. 2012; Su et al. 2016) .
Also identified was the upregulation of DEGs predominantly associated with ribosome biogenesis and protein translation among biofilms stimulated with catfish mucus (PBM). Studies to examine gene expression among Gram-negative bacterial biofilms (through microarrays or RNA sequencing) have demonstrated an upregulation of ribosomal proteins when compared to their planktonic counterparts (Schembri, Kjaergaard and Klemm 2003; Krober et al. 2016) . Some of these studies have also proposed that ribosomal protein synthesis among bacterial cells is an ever changing process that is tightly controlled through independent secondary messenger signaling (Lemke et al. 2011; Burgos et al. 2017 ). As considered above, signaling cues from catfish mucus cascade into transcriptional changes, which in turn promote the transition into biofilm cells.
Overall, a global analysis of the F. columnare transcriptome demonstrates differential gene expression between F. columnare planktonic and biofilm states and how mucus plays a role in altering this expression. These results add valuable information into the physiological processes behind the planktonic to biofilm states.
